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a b s t r a c t
Copper-stimulated P-type ATPases are essential in the ﬁne-tuning of intracellular copper. In the present
work we characterized a copper-dependent ATPase hydrolysis in a native Golgi-enriched preparation
from liver and investigated its modulation by cyclic AMP-dependent protein kinase (PKA). The very high-
afﬁnity Atp7b copper pumppresented here shows a K0.5 for free copper of 2.5×10−17 M in bathocuproine
disulfonate/copper buffer and ATP hydrolysis was inhibited 50% upon stimulation of PKA pathway, usingeywords:
opper ATPase
opper afﬁnity
ell signaling
egulatory phosphorylation
forskolin, cAMP or cholera toxin. Incubation with PKA inhibitor (PKAi5–24 peptide) raises Cu(I)-ATPase
activity by 50%. Addition of puriﬁed PKA-catalytic subunit increases K0.5 for free copper (6.2×10−17 M)
without modiﬁcation in the afﬁnity for ATP in the low-afﬁnity range of the substrate curve (∼1mM). The
Hill coefﬁcient for free copper activation also remains unchanged if exogenous PKA is added (2.7 and 2.3
in the absence and presence of PKA, respectively). The results demonstrate that this high-afﬁnity copper
onme
noveAMP-dependent protein kinase pump in its natural envir
able to inﬂuence both tur
. Introduction
Copper is an essential heavy-metal, which is central to the func-
ion of many enzymes involved in important metabolic pathways.
n excess of copper is harmful because it enhances the production
f free radicals. To avoid this deleterious event, copper homeosta-
is is carefully regulated (Kaplan and Lutsenko, 2009). Inmammals,
opper transport is carried out by two different P-type ATPases: (i)
tp7a, responsible for copper delivery to different tissues, and (ii)
tp7b, hepatic Cu(I)-ATPase responsible for the distribution of the
etal to other tissues and export of excess copper into the bile
Lutsenko et al., 2008).
Several studies suggest a link between copper homeostasis and
ignaling events (Guo et al., 2005; Mercer et al., 2003; Michalczyk
t al., 2008; Petris et al., 2002; Schlief et al., 2006; Veldhuis et al.,
009). Regulatory phosphorylation of the yeast Cu(I)-ATPase by
AMP-dependent protein kinase (PKA) has been demonstrated
Valverde et al., 2008). In mammals, kinase-mediated modulation
f copper transport would be triggered by hormones and/or auta-
oids. Hormonal regulation of human Cu(I)-ATPases have been
Abbreviations: BCS, bathocuproine disulfonic acid; DTT, dithiothreitol; FSK,
orskolin; CTX, cholera toxin; PKAi(5–24), PKA inhibitor 5–24-peptide.
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Open access under the Elsevier OA license.nt is a target of the liver PKA pathway, being regulatory phosphorylation
r rate and ion afﬁnity.
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described (Michalczyk et al., 2008; Hardman et al., 2007), and has
led to the hypothesis that receptor/kinase-mediated signaling is
relevant in copper homeostasis.
Here we demonstrate that native Atp7b has a femtomolar cop-
per afﬁnity for catalytic phosphorylation and turnover, and that
PKA – triggered by different hormones in liver (Walsh et al., 1968;
Kuwahara et al., 1995) – is involved in modulation of Atp7b activity
in its natural Golgi membrane environment.
2. Materials and methods
2.1. Reagents
Buffers, protease inhibitors, ATP, PKAi5–24 and the polyclonal
antibody against TGN-46 were supplied by Sigma Aldrich. 32Pi
was from IPEN. [-32P]ATP was prepared as in Maia et al. (1983).
The PKA -catalytic subunit and the monoclonal antibody against
GM130 were from Calbiochem. The antibodies against PKA -
catalytic subunit and Atp7b were purchased from Santa Cruz
Biotechnology. Nitrocellulose membranes, ECLTM system and sec-
ondary antibodies were from GE Healthcare. Pig livers were
obtained from a veterinarian-supervised slaughterhouse.
Open access under the Elsevier OA license.2.2. Preparation of Golgi-enriched membranes
This was performed as previously described (Subramaniam
et al., 1992). Livers were transported in a chilled homogeniza-
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ers for the cis- and trans-Golgi regions, respectively (Ponnambalam
et al., 1996; Prescott et al., 1997). The markers did not appear in
the initial homogenate, being detected after the last centrifugation
andespecially in theﬁnal sediment. Anti-Atp7b, a speciﬁc antibody,
was also used to identify mammalian Cu(I)-ATPase (Fig. 1C).E. Hilário-Souza et al. / The International Journ
ion buffer (HB) containing 250mM sucrose, 20mM Hepes–TRIS
pH 7.6), 5mM MgCl2, 1-phenylmethanesulfonyl ﬂuoride, and
.15mg/ml of soybean trypsin inhibitor. Homogenization at 4 ◦C
as carried out in 1.5 vol HB. After 10min centrifugation at
0,000× g, the pellet (unbroken cells, nuclei, mitochondria and
embranes) was re-extracted with HB and centrifuged again.
upernatants from both spins were pooled and centrifuged at
00,000× g for 1h. The supernatant was decanted and the total
embrane pellet was resuspended in 10vol HB and recentrifuged
t 100,000× g for 40min, this second spin enriched theGolgimark-
rs. The membrane fractions were resuspended in MOPS–KOH (pH
.6) containing 1mM DTT and stored in liquid N2.
.3. Identiﬁcation of Golgi markers and Atp7b by Western blotting
Protein concentration was estimated as described by Lowry
t al. (1951). Between 50 and 100g of each sample was separated
y SDS-PAGE (10%) and transferred to nitrocellulose membranes
locked with 5% milk, incubated overnight at 4 ◦C with the primary
ntibodies forGolgimarkers (GM130, TGN46), PKA-catalytic sub-
nit or Atp7b, and subsequently incubated for 1h with a secondary
ntibody-HRP conjugate at room temperature and developed with
he ECLTM system.
.4. Cu(I)-ATPase activity
The activity was assayed according to Fiske and Subbarow
1925). The assays contained 20mM MOPS–KOH (pH 7.5),
00mMK2SO4, 10mM MgSO4, 10mM NaN3, 10mM NaF and 4%
lycerol (w/v). Membranes (0.25mg/ml) were incubated (30min)
n ice in (i) assay medium supplied with 100M ascorbate, 1mM
a2SO3 and 50M DTT, or (ii) assay medium plus 300M BCS –
he copper chelator previously used in Cu(I)-ATPase assays (Lowe
t al., 2004) – without reducing agents. After equilibration at 37 ◦C,
he reaction was started by adding 5mM ATP or varying ATP con-
entrations, as speciﬁed. The ATP concentration dependence was
nvestigated in the absence or presence of puriﬁed PKA -catalytic
ubunit (2000U/ml). Cu(I)-ATPase activity was calculated by the
ifference between Pi release in the presence or absence of 300M
CS. Note that only contaminant copper (70–80nM) was present.
i release increased linearly during theﬁrst 20min; therefore,mea-
urements were stopped after 5min with trichloroacetic acid (5%
/v) andammoniummolybdate. Toexcludeapossible contribution
f other ionpumps to theBCS-sensitive activity, Na+,K+-ATPase and
a2+-ATPase were measured in the presence or absence of BCS. The
uabain- and EGTA-sensitive activities were barely detectable in
heCu(I)-ATPaseassayconditionsandnoeffectofBCSwasobserved
n basal ATP hydrolysis.
.5. Dependence of Cu(I)-ATPase activity on free copper
oncentration
Since contaminant copper in our solutions is enough for
aximal Cu(I)-ATPase activity, the free copper concentration
ependence was assayed in the presence of a BCS–copper buffer
fter removal of any contaminant copper.Membranes (0.25mg/ml)
ere incubated on ice with BCS in 20mM MOPS (pH 7.5),
00mMK2SO4, 10mM MgSO4, 10mM NaN3, 10mM NaF and 4%
lycerol (w/v). After 30min, the membrane suspensions were spun
own at 18,000× g (15min; 4 ◦C) and the wet pellets suspended in
he assay buffer for ATPase (0.2ml, 37 ◦C) with different concen-
rations of CuCl2 (plus 100M ascorbate, 1mM Na2SO3 and 50M
TT) to give the desired free copper concentrations, or in buffer
upplied with BCS alone without reducing agents. The free copper
oncentration dependence was also studied in the absence or pres-
nceof exogenous soluble PKA-catalytic subunit (2000U/ml). Theiochemistry & Cell Biology 43 (2011) 358–362 359
reactions were stopped 5min after the addition of 5mM ATP. Free
copperwas calculatedbymeasuring the remainingBCS in thewater
volume of the pellet (and therefore in the ﬁnal assay), assuming
an association constant of 1020 for the Cu(BCS)23− complex (Miras
et al., 2008). Given the water volume in the pellet (7.6±0.6l) and
the initial BCS concentration (300M), the ﬁnal BCS in the assay
(0.2ml) was 11.4M. Cu(I)-ATPase activity was calculated by the
difference between Pi release in the presence of BCS–copper buffer
and the presence of 300M BCS alone.
2.6. Determination of wet volume in the pellet of BCS-treated
membranes
After the treatment of membrane fragments with BCS, centrifu-
gation and careful removal of the supernatant, the wet pellet was
desiccated at 105 ◦C until constant dry weight (24h). The volume
of distribution of remaining BCS in pellets (7.6±0.6l, n=4) was
calculated by the difference between the wet and dry weights.
2.7. Inﬂuence of PKA pathway modulators on Cu(I)-ATPase
activity
Cu(I)-ATPase activity was measured in the presence of different
activators (forskolin, cAMP, PKA -catalytic subunit and cholera
toxin) or the speciﬁc inhibitor (PKAi5–24) of the PKA pathway.
2.8. Phosphorylation by [-32P]ATP
Catalytic phosphorylation was performed as in Lowe et al.
(2004) in the absence or presence of 250M BCS. Only con-
taminant copper was present. [-32P]ATP was added at 5M
(∼1500 cpm/pmol).
2.9. Statistical analysis of the data
Each class of experiments was performed in triplicate with
at least 4 independent preparations. The data were analyzed by
one-way variance analysis. The signiﬁcance of the differences was
veriﬁed by the Bonferroni t-test (p<0.05).
3. Results and discussion
3.1. Identiﬁcation of Cu(I)-ATPase in membrane fractions of
porcine liver
Golgi enrichment in the membrane fractions was conﬁrmed by
immunoblotting of GM130 (Fig. 1A) and TGN46 (Fig. 1B), themark-Fig. 1. Identiﬁcation of Golgi markers and Atp7b. Representative immunoblottings
of membranes probed with antibodies against GM130 (1:2000) (A), TGN46 (1:4000)
(B) and Atp7b (1:1000) (C). S4 and P4 (A, B) correspond, respectively, to the last
supernatant and pellet. (C) 2 different preparations.
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Fig. 2. Time-course of Atp7b catalytic phosphorylation. (A) Representative autora-
diogram. Lane 1: sample denaturated before 60 s phosphorylation. Lanes 2–5:
d
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Fig. 3. Modulation of Cu(I)-ATPase activity by PKA. Cu(I)-ATPase activity was mea-
sured in the presence of forskolin (FSK), cAMP, PKA -catalytic subunit (0.25ml
erologously expressed mammalian Cu(I)-ATPases (Pilankatta et al.,ifferent phosphorylations times. Lanes 6–9: samples incubated with 250M BCS
30min) and then phosphorylated. (B) Coomassie-blue staining of the same gel. (C)
ensitometric representation of the phospho-signal/coomassie-blue staining ratio.
.2. Catalytic phosphorylation of Cu(I)-ATPase
Formation of the acyl-phosphate intermediate of Atp7b and its
ensitivity to copper ions are shown in Fig. 2. Catalytic phosphory-
ation was inhibited by 40% in the presence of BCS when a steady
evel was reached (1min). Since Atp7b is the only P-ATPase with
60kDa, the BCS-resistant phosphoenzyme probably represents a
arcel of Atp7b activity linked with the occupancy of an occluded
opper binding site in the membrane moiety. With the use of het-
rologously expressed Atp7b (Lutsenko et al., 2002), it has been
roposed that copper sites inaccessible to BCS can sustain basal
hosphorylation and enzyme turnover.
.3. PKA pathway modulates Cu(I)-ATPase activity in native
tp7b
In previous work, phosphorylation by PKA of yeast Cu(I)-ATPase
as shown to trigger a signal that determined the exchange
etween the phosphoryl group of EP and copper in chemical poten-
ial during catalysis (Valverde et al., 2008). In the present work we
nvestigated whether an effect of PKA exists on Atp7b.
Golgi-enriched preparations contain a membrane associated
KA (Fig. 3, inset) that can modulate Atp7b in its natural envi-
onment, shown by the effect of speciﬁc activators and inhibitors
Fig. 3, main panel). Forskolin, which permanently activates the
olgi-localized adenylyl cyclase (Cheng and Farquhar, 1976), cAMP
hat activates the endogenous PKA, and puriﬁed exogenous -
atalytic subunit which phosphorylates in a cAMP-independent
anner, can each inhibit Cu(I)-ATPase activity by 50%. Since mod-
lation is mimicked by cholera toxin, it is clear that inhibition is a
s protein-mediated event. Inversely, the highly speciﬁc inhibitor
eptide of PKA (PKAi5–24), increases Cu(I)-ATPase activity by 50%.
his mirror image of the inhibition obtained with activators indi-
ates that endogenous cAMP produced by endogenous adenylyl
yclase is sufﬁcient to partially inhibit the control activity by
ctivating the membrane-associated PKA immunodetected in the
xperiment depicted in the inset of Fig. 3. Therefore, stimulationassay), cholera toxin (CTX), or PKAi5–24. Different lowercase letters above the bars
indicate statistically signiﬁcant differences. Inset: representative immunoblotting
of PKA -catalytic subunit in the membranes probed against anti-PKA antibody
(1:1000).
of Atp7b by PKAi5–24 is likely due to inhibition of the endogenous
PKA.
3.4. Dependence of Cu(I)-ATPase activity on ATP and free copper
concentrations
Copper concentration dependence of Cu(I)-ATPase activity in
assays where a BCS–copper buffer were present after treatment
of the membranes with BCS to remove the original contaminant
metal is shown in Fig. 4A. Using BCS–copper buffer, we measured
a K0.5 for free copper of 2.5×10−17 M. In contrast with that found
in bacteria (Mandal et al., 2002; Hatori et al., 2008), this high afﬁn-
ity probably reﬂects a functional adaptation for efﬁcient copper
trafﬁcking among copper-binding proteins in concentrations well
belowthose toxic tomammalian cells or, in otherwords,withvirtu-
allyno free copper (Banci et al., 2010). Fig. 4Aalso showsa sigmoidal
dependence on copper concentration (Hill coefﬁcient =2.7±0.4),
indicating apositive cooperativity in copper binding andactivation.
Positive cooperativity was found in phosphorylation and copper
transport with heterologously expressed Atp7a (Hung et al., 2007),
supporting the view that interaction between copper-binding sites
might be a general feature of Cu(I)-ATPases.
In the presence of puriﬁed soluble PKA, enough for maxi-
mal inhibitory effect (2000U/ml), Atp7b shows a reduced afﬁnity
for copper. The K0.5 value for free copper increases 2.5 fold (to
6.2×10−17 M; p<0.05), thus demonstrating that regulatory phos-
phorylation induces a conformational change at copper binding
sites. This is likely a result of long-range intramolecular commu-
nications between ion transport domains and regulatory PKA sites.
In contrast, there is no modiﬁcation (p=0.67) in the Hill coefﬁcient
of the free copper curve with exogenous PKA (2.3±0.7), suggest-
ing that regulatory phosphorylation leads to a decreased afﬁnity
without modiﬁcation in the stoichiometry of copper transport per
cycle.
Due to the very low K0.5 for free copper, and taking into account
that copper contamination in the solutions ranges 70–80nM, the
following experiments were carried out without the addition
of copper salts. The ATP concentration dependence of Cu(I)-
ATPase activity shows Michaelian behavior (Fig. 4B). The Vmax
(69.1±4.3nmol Pi×mg−1×min−1), which is remarkably similar to
that found with BCS-treated enzyme then supplied with saturat-
ing free copper (Fig. 4A), indicates a higher steady-state ATPase
activity compared with other studies using both native and het-2009; Takeda et al., 1999). The Km for ATP of native Atp7b in its nat-
ural environment is 0.97±0.22mM, which is similar to that found
with detergent-solubilized CopA (Mandal et al., 2002). In contrast
with that found for copper, theafﬁnity forATP remainedunchanged
E. Hilário-Souza et al. / The International Journal of B
Fig. 4. Free copper and ATP dependence. (A) Cu(I)-ATPase activity was measured
in different free copper concentrations. The closed symbols represent control con-
ditions (no exogenous PKA) and open symbols correspond to experiments in the
presence of exogenous PKA -catalytic subunit. (B) ATP concentration dependence
of Cu(I)-ATPase activity in the absence (closed symbols) or presence (open symbols)
of PKA -catalytic subunit. The equations v = Vmax × [free Cu]n/(Kn0.5 + [free Cu]
n)
(A) and v = Vmax × [ATP]/(Km + [ATP]) (B) were used to calculate the kinetic param-
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pters. Inset: Lineweaver–Burk plot visualizing the Km and Vmax for ATP. The kinetic
arameters are mean± SEM of the values obtained by ﬁtting the functions to the
xperimental points of each determination carried out with different membrane
reparations.
hen PKA -catalytic subunit is present (Km =1.00±0.31mM;
=0.69) whereas Vmax decreased to 42.1±3.6nmol Pimg−1 min−1
p<0.05).
Since steady levels of phosphorylated intermediate in Atp7b are
ormed with the use of 1–50M ATP in different assays (Pilankatta
t al., 2009; Tsivkovskii et al., 2002; see Fig. 2), the submillimolar
fﬁnity of Cu(I)-ATPase in Atp7bmay be associatedwith nucleotide
ction in the overall turnover of the pump (Kühlbrandt, 2004).
ince PKA-mediated phosphorylation affects the turnover rate of
he ATPase without modiﬁcation in the afﬁnity for ATP, it may
e that the intramolecular signal triggered from PKA inhibitory
ites (or site) decreases the rate of breakdown of the phosphory-
ated intermediate during the catalytic cyclewithout change in ATP
inding.
In conclusion, these results support the hypothesis that there is
direct PKA-mediated modulation of Atp7b in Golgi liver mem-
ranes, and that inhibition of its turnover is a consequence of
riggering the PKA signaling pathway. The messengers that acti-
ate PKA would be hormones and autacoids capable of modulating
ctive copper transport through rapid kinase-mediated processes.
xpression of human Cu(I)-ATPases and copper transport were
odulated by hormones, such as insulin, oestrogen and pro-
actin, in different cell types (Hardman et al., 2007; Kelleher and
önnerdal, 2006) that lead to modiﬁcations mediated by different
rotein kinases, as demonstrated here for PKA. Since non-speciﬁc
rotein phosphatases strongly decreases Atp7b activity (data notiochemistry & Cell Biology 43 (2011) 358–362 361
shown) it is clear that, besides the inhibitory action of PKA, stimu-
latory kinases are also involved in a complexnetwork that regulates
the liver Cu(I)-ATPase. The possibility of hormones acting on pro-
tein kinases in liver tomodulate active copper transport opens new
horizons in our understanding of how cells and organisms handle
intracellular copper.
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